Abstract. Neovascularization in cervical intraepithelial neoplasia ͑CIN͒ is studied because it is the precursor to the third most common female cancer worldwide. Diffuse reflectance from 450-600 nm was collected from 46 patients ͑76 sites͒ undergoing colposcopy at Duke University Medical Center. Total hemoglobin, derived using an inverse Monte Carlo model, significantly increased in CIN 2+ ͑N =12͒ versus CIN 1 ͑N =16͒ and normal tissues ͑N =48͒ combined with P Ͻ 0.004. Immunohistochemistry using monoclonal anti-CD34 was used to quantify microvessel density to validate the increased hemoglobin content. Biopsies from 51 sites were stained, and up to three hot spots per slide were selected for microvessel quantification by two observers. Similar to the optical study results, microvessel density was significantly increased in CIN 2+ ͑N =16͒ versus CIN 1 ͑N =21͒ and normal tissue ͑N =14͒ combined with P Ͻ 0.007. Total vessel density, however, was not significantly associated with dysplastic grade. Hence, our quantitative optical spectroscopy system is primarily sensitive to dysplastic neovascularization immediately beneath the basement membrane, with minimal confounding from vascularity inherent in the normal stromal environment. This tool could have potential for in vivo applications in screening for cervical cancer, prognostics, and monitoring of antiangiogenic effects in chemoprevention therapies.
Introduction
Among women worldwide, cervical cancer is the third most common cancer with age-standardized incidence rate of 15.3 per 100,000 and mortality rate of 7.8 per 100,000 women. 1 This is largely attributed to the lack of infrastructure and resources in underdeveloped countries to support the organized screening and diagnostic programs that are available to women in developed nations, which consists of Papanicolaou ͑Pap͒ smears followed by colposcopy-directed biopsies. Over the last three decades, cervical cancer incidence and mortality rates have decreased ϳ75% in developed nations, such as the United States, 2 due to effective, albeit costly, early screening and diagnosis of cervical intraepithelial neoplasia ͑CIN͒, a premalignant condition. Thus, cervical cancer is preventable and mostly curable if detected early.
To make disease management more cost effective, there is a need to balance the early diagnosis of CIN with the cost and burden of overtreatment. Epidemiologically, high-grade CINs ͑CIN 2+͒ are more likely to progress into invasive carcinoma when compared to low-grade CINs ͑CIN 1͒, which often spontaneously regress. 3 Thus, the clinically relevant diagnosis is to differentially identify CIN 2+ from normal and CIN 1. Wright et al. 4 recommends continued observation for CIN 1 but immediate treatment for CIN 2+ with excision and ablation. Clinically, pathologists have long relied on cellular morphological changes to diagnose CIN 2+. Of patients with abnormal cytology, only 6-11% will have CIN 2+ and approximately 1 in 1000 will have cervical cancer. 5 The relative insensitivity of conventional cytology means that frequent testing is required for early cancer detection. This is not a practical solution in resource-limited settings, and other solutions are needed. Furthermore, with the declining incidence of CIN in places with wide-scale human papillomavirus ͑HPV͒ vaccination programs, such as in the United States, there is an increasing need for an objective diagnosis for CIN 2+ in the face of declining expertise in colposcopy. Other sources of contrast, such as neovascularization, may aid in the early and effective identification of CIN 2+.
The normal cervix is composed of an avascular epithelium and a subjacent vascularized stroma. However, neovascularization ͑i.e., growth of new blood vessels in areas where blood vessels normally do not exist͒ can be observed within the epithelium of dysplastic tissues as red patterns of punctuation, or mosaicism, on a white background when viewed through a colposcope. 6 The progressively intensifying neovascularization that occurs with increasingly dysplastic CIN is associated with upregulated expression of the vascular endothelial growth factor ͑VEGF͒. [6] [7] [8] and matrix metalloproteinases, including MMP-9.
9,10 A major HPV oncogene, E6, activates the VEGF promoter and thus mediates neovascularization in the superficial stroma immediately beneath the basement membrane.
11 Although Triratanachat et al. 12 and Leung et al. 13 did not observe an increase in microvessel density ͑MVD͒ in CIN 2 ͑but increased in CIN 3͒ and CIN 3, respectively, most studies, however, indicate that angiogenesis in the cervix appears to play an important role in the malignant transformation of the cervix. 7 Several groups 7,14,15 have used immunohistochemistry ͑IHC͒ to observe neovascularization through increased MVD, or density of small blood vessels having diameters on the order of several red blood cells, in cervical carcinoma. Using factor VIII and CD31, respectively, as immunohistochemical stains for vascular endothelial cells, Abulafia and Sherer 7 and Dellas et al. 16 have also shown that MVD is positively correlated with increasing cervical dysplastic grades. Smith-McCune and Weidner, 17 using antifactor VIII to target endothelial cells, found no significant difference in neovascularization between CIN 1 and normal controls, yet noted a significant increase in CIN 2+ versus normal controls ͑P = 0.0006͒, and in CIN 2+ versus CIN 1 ͑P = 0.014͒. They have also confirmed the importance of neovascularization in the cervical dysplastic development independent of the degree of associated inflammation. Obermair et al. 6 have shown that neovascularization is correlated with the expression of VEGF in specimens of CIN. In contrast to the ovary and the endometrium, where new blood vessel growth plays an important role in normal physiology, neovascularization in the uterine cervix is primarily a part of the neoplastic process. 7 Neovascularization is important to quantify for a number of reasons. It plays an important role in tumor progression in the cervix as discussed above. 7, 18 Growth of new microvessels in CIN is also a factor associated with poor prognosis and is considered a pathoanatomic feature indicative of a greater risk of recurrence and death. 19, 20 Dellas et al. 16 also observed a significant correlation of MVD with overall survival in women with invasive carcinoma and relapse-free survival in patients with regional lymph node metastasis. From a therapeutic perspective, there is a renewed interest in the use of chemopreventive agents for CIN. One such example is the use of highly active antiretroviral therapy ͑HAART͒ to prevent opportunistic infections and increased incidence and aggressiveness of certain types of cancer, including cervical cancer in immunocompromised patients. 21, 22 Heard et al. 22 have found that direct antitumor effects of HAART may be attributed to inhibition of angiogenesis and tumor growth. Hence, inhibition of neovascularization could serve as a surrogate end point for effectiveness of therapies such as HAART. There is also an interest in establishing a surrogate marker to quantify vascular inhibition and assess the efficacy of antiangiogenic agents at an early stage of disease. Hence, neovascularization is an important parameter to characterize in the uterine cervix.
Characterization of neovascularization has mostly been performed via immunohistochemistry on formaldehyde-fixed and paraffin-embedded tissues using various antibodies. 23 One such antibody is anti-CD34, where CD34 is a trans-membrane glycoprotein constitutively expressed on hematopoietic progenitor cells and endothelial cells. 23 Identification of microvessels typically involves manual selections of regions of interest ͑ROI͒ or through automated image analysis algorithms. 24 IHC requires extensive sample processing and is not amenable for in vivo measurements. Thus, the development of tools to noninvasively characterize neovascularization changes in the uterine cervix in vivo would be of tremendous value. Currently available in vivo imaging modalities of blood vessels such as magnetic resonance imaging, computed tomography, positron emission tomography, and singled photon emission computed tomography, require exogenous contrast agents and/or are expensive to perform. 24, 25 Doppler ultrasound is not sensitive to blood vessels of Ͻ100 m; hence, it is not suitable for quantification of neovascularization. 25 Furthermore, currently there is no effective way to differentiate and measure dysplastic neovascularization immediately below the basement membrane from larger pre-existing vessels in the deep stroma that are part of the normal cervix.
Quantitative visible-light-based optical spectroscopy is inexpensive, portable, and has the potential to be used for in vivo quantification of neovascularization changes in soft tissues. Our group has developed a tool consisting of a fast fiber-based spectrometer and a scalable inverse Monte Carlo model to perform quantitative physiology in vivo, which has been tested extensively in a laboratory setting 26, 27 as well as in preclinical models. 28, 29 Using this model, optical absorption and scattering can be quantified, from which total hemoglobin and hemoglobin saturation, as well as tissue scattering due to changes in cellular architecture, can be derived. Furthermore, the sensing depth of the technology can be varied by changing the fiber-optic probe geometry; specifically, by varying the distance between the illumination and collection fibers.
We have previously demonstrated a statistically significant increase in the total hemoglobin concentration in vivo in the intact human cervix as it progresses from normal and lowgrade dysplasia ͑CIN 1͒ to a severely dysplastic state ͑CIN 2+͒. 30 However, the study did not provide a validated explanation of the biological basis for this source of optical contrast. In the study reported here, we have quantitatively and systematically compared optical measurements of total hemoglobin concentration to MVD quantified via IHC within the same sites across normal cervical tissues, CIN 1, and CIN 2+. The concomitant increase in MVD and total hemoglobin content in CIN 2+ indicate that quantitative visiblelight-based spectroscopy measurements of hemoglobin concentration is primarily sensitive to early neovascularization changes immediately beneath the basement membrane, which is commensurate with the progression of cervical dysplasia. This finding does not appear to be confounded by pre-existing vasculature that is present in the stroma.
Method

Protocol Design
The optical spectroscopy and IHC protocols were reviewed and approved by the Institutional Review Board at Duke University Medical Center ͑DUMC͒ in accordance with assurances filed with and approved by the Department of Health and Human Services. Informed written consent was obtained from patients referred to the DUMC Colposcopy Clinic following an abnormal Pap smear prior to enrollment in the study. Optical spectra were collected from 89 sites in the cervical transformation zone of 46 female patients age 18-34 ͑meanϮ SD: 24.7Ϯ 4.4 years͒. Pregnant women were excluded from the study, and all recruited patients were premenopausal. No invasive squamous cell carcinoma or glandular lesions were identified in this cohort.
Consensus pathology results for optical spectroscopy study are listed in Table 1 . Thirteen sites were excluded due to the presence of other tissue types ͑N =5͒, motion artifacts ͑N =5͒, and ungradable biopsies ͑N =3͒. A summary of the consensus pathology results for CD34 study is shown in Table  2 . A total of 69 tissue specimens were immunostained, of which 18 sites were excluded due to insufficient tissue for analysis ͑N =9͒, severely fragmented specimens ͑N =7͒, and denuded stroma ͑N =2͒.
Optical Spectroscopy
Details of the optical spectroscopy instrumentation 30 and algorithm 26, 27 have been previously described in detail.
Briefly, two spectrometers were used in this clinical study: a custom-built spectrometer ͑instrument A͒ and SkinSkan ® ͑in-strument B͒ ͑both from JY Horiba, Edison, New Jersey͒ with spectral resolutions of 10 and 3.5 nm, respectively. The integration time was set to 100 ms for both instruments, and spectral acquisition took approximately 200 ms and 3 s on instruments A and B, respectively. A bifurcated fiber-optic probe ͑RoMack, Williamsburg, Virginia͒ was used to collect diffuse reflectance. The common end that is in contact with tissue consists of a central bundle of 19 illumination fibers, encircled by a ring of 18 collection fibers with a mean sourcedetector separation 625 m. All fibers are multimode Diffuse reflectance spectra for wavelengths ͑͒ between 450 and 600 nm were collected from colposcopically normal and abnormal sites from patients suspected to have cervical lesions in vivo. To account for the wavelength-dependent throughput of the system and drifts in lamp intensity, the raw diffuse reflectance spectrum was calibrated through division by reflectance from a reflectance standard ͑Spectralon, LabSphere, North Sutton, New Hampshire͒. Total hemoglobin concentration ͓͑total Hb͔͒ was quantified using a scalable inverse Monte Carlo model 26 from the measured reflectance spectrum. 26 Biopsies from colposcopically abnormal sites were obtained and stained with hematoxylin and eosin for histopathology. Biopsies were then adjudicated by two boardcertified pathologists with gynecological expertise, with the adjudicated tissue grade considered to be the standard for comparison. The sensing depth of the fiber-optic probe, defined as the maximum depth that 50% of the detected photons ever penetrated, was evaluated using Monte Carlo simulations as reported in Ref. 30 . On the basis of the definition provided above, the mean sensing depth for between 450 and 600 nm was 500-600 m, respectively, which is in the superficial stroma as the average cervical epithelium thickness is 200-500 m. 
IHC Study
Cervical dysplastic neovascularization was assessed through anti-CD34 staining according to a protocol optimized through a retrospective study 32 of 100 cervical biopsies. Vieira et al. 23 have compared three different monoclonal antibodies-anti-CD34, BNH9, and CD31-and concluded that anti-CD34 had higher sensitivity than anti-CD31 and BNH9 in identifying neovascularization in the dysplastic cervix. IHC for CD34 was performed using a semi-automated machine ͑Dako S3400; Dako, Glostrup, Denmark͒. Five-micron formalinfixed paraffin-embedded human cervical biopsy sections were obtained from the cell blocks and were deparaffinized. Antigen retrieval was performed in a steamer for 20 min in antigen-retrieval buffer from the manufacturer. Immunostaining was performed using a modified streptavidin-biotinhorseradish peroxidase technique. The sections were incubated with anti-CD34 ͑clone: 581; dilution:1:20; BD Biosciences, San Jose, California͒ for 45 min at 37°C. The chromogen diaminobenzidine tetrachloride was used to visualize the antibody-antigen complex. Appropriate negative controls, consisting of tissue sections of each case processed with mouse IgG antibody, were prepared along with positive tissue control sections ͑human tonsil͒. After immunostaining, the slides were counterstained with hematoxylin, dehydrated in graded alcohols, and mounted on glass slides for digital photomicrograph capture.
Microvessel Density Quantification
Slides were viewed on a multiobserver microscope ͑DX-50, Olympus, Center Valley, Pennsylvania͒ with a digital camera ͑DS-Fl1, Nikon, Melville, New York͒. Microvessels, defined as vessels with small and usually collapsed or slitlike lumina, with cytoplasmic/luminal CD34 reactions were considered positive for neovascularization. Large and dilated vessels with a lumen larger than ϳ5 red blood cells and those with muscular walls were excluded because they were not part of dysplasia-induced neovascularization. Areas of greatest MVD ͑i.e., hot spots͒ were identified at low power ͑40ϫ ͒ by a board-certified anatomical pathologist with gynecological specialty expertise ͑SMB͒. Hot spots were defined as areas with greatest CD34-reactive vasculature within intact cervical stroma and immediate adjacent epithelium. Subsequently, all CD34-reactive microvessels within a single high power field ͑400ϫ ͒ were counted and recorded. According to Weidner, 33 any endothelial cell or endothelial cell cluster that was clearly separate from adjacent microvessel and connective tissue elements was considered a single, countable microvessel. Partially identified vessels not completely contained in the field of view were included in the microvessel count. Confounding factors, such as tissue specimen quality, tangential cuts, denuded stroma, nonspecific staining, as well as the degree of inflammation, were quantified using an ordinal scale ͑negligible/low, medium, and high͒ and used for quality control purposes. Images with excessive nonspecific staining or extremely poor specimen quality were excluded from the analysis. Two observers ͑SMB and VTC͒, blinded to both the biopsy result and inter-observer results, conducted the microvessel counting. The second observer ͑VTC͒ was trained by board-certified pathologist ͑SMB͒ by identification of microvessels and large vessels on a separate training set of 10 images. One observer ͑VTC͒ also independently quantified large and dilated vessels omitted in the microvessel count and combined the two to obtain a total vessel count. A slide showing the selection of hot spots for microvessel quantification is shown in Fig. 1 . The immunostained slide was scanned at low power ͑10ϫ and 40ϫ͒ to identify acceptable neovascular hot spots. All microvessel counts were normalized to the same area ͑ϳ0.72 mm 2 ͒ to obtain MVD.
Statistical Analysis
The mean MVD of up to three hot spots per tissue specimen from both observers was used in subsequent analysis. Means from independent quantification of large vessel and total ves- Criteria for admissible hot spots include reactive staining to anti-CD34 and intact epithelium and stroma. In 7 out of 44 specimens, the specimen was too small to select three hot spots; thus, two hot spots were selected instead. Inset: Solid arrows indicate microvessels, and the dashed arrow indicates a large pre-existing vessel with a lumen larger than approximately five red blood cells and hence not included in the microvessel count ͑400ϫ ͒.
sel densities were also used to assess overall vasculature. JMP ͑SAS, Cary, North Carolina͒ and MATLAB ͑MathWorks, Natick, Massachusetts͒ were used to perform the analysis of variance ͑ANOVA͒ to examine intergroup variances, followed by pairwise two-sided Student's t-tests to determine the association of MVD ͑quantified from IHC͒ and total hemoglobin content ͑measured optically͒ with dysplastic grade. Interobserver variance was assessed through t-tests on the difference between two observers for all valid sites. Reported two-sided P values are considered significant at the ␣ = 0.05 level. Logtransformed data were used where necessary to approximate normal distributions prior to statistical tests.
Results
Representative anti-CD34 stained slides and respective MVD and corresponding absorption spectra a ͑͒ from 450 to 600 nm and extracted ͓total Hb͔, for normal, CIN 1, and CIN 2+ sites from the same two patients are shown in Fig. 2 . The CIN 1 and CIN 2+ biopsies were from the same patient while the biopsy-confirmed normal specimen came from a colposcopically abnormal site from a different patient because no colposcopically normal sites were biopsied. There is a marked increase in the area of reactive staining of neovascular microvessels as dysplasia progresses from CIN 1 to CIN 2+. The epithelium also becomes less anisomorphic with an increase in the nuclear-to-cytoplasmic ratio. There is a marked increase in the overall absorption spectrum as dysplasia progresses from CIN 1 to CIN 2+. An increase in both MVD and total hemoglobin concentration was observed with increasing severity of cervical dysplasia.
A summary of the mean and standard error of the mean ͑SEM͒ of extracted parameters for different cervical tissue grades is provided in Table 3 . Because up to three hot spots per biopsy specimen were quantified, intrapatient and interobserver variations were examined when the minimum, mean, or maximum MVD per specimen obtained by either observer was used exclusively ͑Table 3͒. Despite local variations in the number of CD34-reactive microvessels between hot spots and interobserver quantification differences, dysplasia-induced neovascularization changes were preserved and a significantly increased MVD in CIN 2+ versus normal and CIN 1 was observed with all summary measures. Because of interobserver variations, MVD counts obtained by the two observers were significantly different ͑P Ͻ 0.03, Student's t-test͒. However, differences in MVD between CIN 2+ and normal and CIN 1 were significant when counts from either observer were used exclusively, P Ͻ 0.006 and P Ͻ 0.03 for observers 1 and 2, respectively ͑Table 3͒. To account for interobserver variation and subjectivity in quantifying MVD, mean MVD of all hot spots per specimen obtained by both observers was used in subsequent analysis. Figure 3 shows the box and whisker plots of mean MVD, extracted ͓total Hb͔, mean total vessel density, and mean large-vessel density for all tissue types. The middle line represents the median while the upper and lower edges represent 75 and 25 percentiles, respectively, and crosses indicate outliers. Whereas a statistically significant increase of microvessel density was observed in CIN 2+ versus normal and CIN 1, no significant difference was observed in CIN 2+ for either total vessel or large vessel densities. A concomitant increase in optically extracted ͓total Hb͔ was observed in CIN 2+. Using sites ͑30 sites due to different inclusion criteria͒ that were common to both CD34 and optical spectroscopy studies, a similarly increased MVD in CIN 2+ versus normal and CIN 1 was observed, whereas no significant differences were observed using either total vessel density or large-vessel density alone ͑data not shown͒. (b) (a) (c) Fig. 2 Photomicrographs of immunostained cervical biopsies and associated optically extracted absorption spectra ͓ a ͔͑͒ from representative ͑a͒ normal, ͑b͒ CIN 1, and ͑c͒ CIN 2+ sites, respectively. Vessels with small and usually collapsed, or slitlike, lumina were considered microvessels. Larger vessels with dilated lumen were not included in the MVD quantification. The number of anti-CD34 stained microvessels increases with severity of cervical dysplasia. MVD shown is mean±standard deviation ͑SD͒ between two observers. ͓Total Hb͔ shown is mean± SD, where SD accounts for uncertainties in data extraction. 30 Concentrations shown represent extracted total hemoglobin content ͓͑total Hb͔͒, which is directly proportional to extracted absorption. Total hemoglobin content is substantially increased in CIN 2+ compared to normal and CIN 1.
Discussion
Until recently, CIN 1 frequently has been treated to prevent progression to CIN 2+ and eventually to carcinoma of the cervix. 34 However, the current consensus among gynecologists is to view CIN 1 as a normal physiological response to HPV infection that often regresses to normal. 4 This observation is corroborated by the optical and IHC data, where both total hemoglobin and MVD are statistically indistinguishable between normal cervical tissues and CIN 1. However, there is a statistically significant increase of mean MVD in CIN 2+ compared to normal and CIN 1 combined ͑P Ͻ 0.007͒, concordant with the increase in optically extracted ͓total Hb͔ of CIN 2+ compared to normal and CIN 1 ͑P Ͻ 0.004͒ combined. Total vessel and large dilated vessel densities were used to infer the degree of vascularization prior to onset of and during dysplastic neovascularization. Because neither was 30 ͓total Hb͔ is significantly increased in CIN2+ ͑P Ͻ 0.004͒, concordant with the IHC results. Total hemoglobin content was log transformed to satisfy the normality condition in using parametric statistical tests. Both mean MVD and ͓total Hb͔ increase in a concordant fashion with increasing severity of cervical dysplasia. ͑c͒ Vessel density by including only large nonangiogenic vessels. No significant association between large vessel density and dysplastic grades was observed using ANOVA. ͑d͒ Vessel density as calculated by identifying all vessels ͑microvessel and large nonangiogenic vessels͒. Similar to large vessel density, no significant association with dysplastic grades was observed using ANOVA.
significantly associated with different CIN grades, dysplastic neovascularization contrast may be masked if the source of contrast included all blood vessels. Various groups 6, 16, 20, 35 have shown that neovascularization in CIN was confined to a narrow zone immediately underneath the dysplastic epithelium and along the basement membrane, whereas the preexisting large vessels part of normal physiology were typically found deeper in the stroma. By tailoring the probe geometry to specifically look at superficial layers of the stroma, it should be possible to quantify neovascularization without the confounding effects of existing vessels.
Utilizing the limited penetration depth of visible light and optimizing the fiber illumination and collection geometry to be sensitive to primarily the epithelial and superficial stromal layers, we were able to preferentially collect photons from just beneath the basal layer. A potentially confounding factor is variation in epithelial thickness between patients. Valadares Guimarães et al. 36 have reported a decrease in epithelial thickness in AIDS patients ͑HIV status unknown for study patients͒. However, Walker et al. 31 have shown that epithelial thickness was not correlated with dysplasia status but was dependent on menopausal status. Because all patients recruited for the study were premenopausal, no atrophy of epithelium and corresponding decrease in thickness due to reduction in estrogen level 37 was expected. To address the question of sensitivity to epithelial thickness in instances where this may be an issue, we carried out forward Monte Carlo simulations 38 for a two-layer tissue with cervix-like optical properties. 30, 39 The scalable inverse Monte Carlo model developed by our group was used to extract the optical properties from which ͓total Hb͔ was derived. Five different epithelial thicknesses ͑i.e., 200, 300, 350, 400, and 500 m͒ spanning the entire range of reported thicknesses in the cervix 31 were used in the simulations to evaluate the sensitivity of the extracted ͓total Hb͔ to variations in epithelial thickness. The percent variance in extracted ͓total Hb͔ for different thicknesses within this range was found to be 7 Ϯ 4%. Therefore, the absorption contrast observed was minimally impacted by variation in epithelial thicknesses. As previously stated, the sensing depth of the fiber-optic probe used in the study is estimated to be approximately 500 to 600 m for between 450 and 600 nm. 30 Because cervical epithelium averages 200-500 m in thickness, the fiber-optic probe is designed to be maximally sensitive to photons diffusely reflected from just beneath the basement membrane, where neovascularization occurs. Therefore, optically extracted ͓total Hb͔ was less influenced by large vessels in the deep stroma ͑quantified through the large-vessel density͒ and more influenced by increased MVD near the basement membrane.
Other optical spectroscopic techniques have been shown to detect neovascularization associated with carcinogenesis in the superficial tissue layer. Using polarization-gating optical spectroscopy, Siegel et al. 40 and Turzhitsky et al. 41 observed an early increase in superficial microcirculation in colon mucosa. Shibuya et al. 42 also observed increased vessel growth and complex networks of tortuous vessels in the bronchial mucosa associated with dysplasia. Another potential confounding factor is the inhomogeneous distribution of hemoglobin absorbers. Finlay and Foster 43 and Lau et al. 44 reported a spectral flattening of hemoglobin absorption spectrum due to pigment packaging, leading to an underestimation of actual hemoglobin concentration. However, Rajaram et al. 45 have shown that inhomogeneity of hemoglobin distribution, such as vessel packing, significantly impact the extraction of absorber concentration if the soret absorption band of hemoglobin is included, but is minimally affected at the ␣ and ␤ absorption bands. If vessel packing is included in the analysis, then we expect our conclusions to remain the same with slightly increased hemoglobin concentration values because our diffuse reflectance data ͑450-600 nm͒ do not include the soret absorption band of hemoglobin.
The one-sided Pearson's correlation test showed that MVD and ͓total Hb͔ were not significantly correlated ͑square of Pearson's correlation coefficient, 2 = 0.12, P Ͻ 0.19͒ when a site by site comparison was made. This is likely attributed to the fact that it is very difficult to precisely match the sample volumes for the two approaches that are being used to measure neovascularization. Furthermore, the choice of hot spots for reactive CD34 staining may not reflect the overall vasculature of the tissue sampled by optical spectroscopy. ͓Total Hb͔ was better correlated when the maximum MVD from each specimen was used, with a partially significant P Ͻ 0.08 ͑ 2 = 0.21͒. Despite these issues, we were able to observe a common underlying phenomenon that led to significant increases in MVD and ͓total Hb͔, which arose from neovascularization accompanying cervical dysplastic transformation.
With respect to implementation, optical spectroscopy offers obvious benefits over IHC. Without the need for complex tissue specimen preparation and processing, optical spectroscopy is objective and significantly easier and quicker to implement. Optical spectroscopy can continuously monitor changes in vasculature over time, whereas IHC requires destructive sampling and causes permanent changes to the sampled tissue, while providing only one-time estimates of neovascularization status. The ability to discern neovascularization contrast in CIN 2+ compared to normal and CIN 1 has direct clinical applications in diagnosis and important implications in risk stratification to avoid overtreatment to make cervical precancer screening more cost effective and enable see-and-treat paradigms, which is extremely useful in resource-poor settings. Quantifying the angiogenic microvessels may also predict disease-free status as well as monitor efficacy of anti-VEGF or antiviral therapies. The technology presented can also be modified to access many different organ sites through the use of endoscopes. Furthermore, pathological angiogenesis is not only an exclusive hallmark in cancer, but also in a variety of ischemic and inflammatory diseases. 46 Cells in tumors, wounds, or atherosclerotic plaques become hypoxic when they are too distant from nearby vessels. Coupled with the ability to measure hypoxia, 28 optical spectroscopy may be a suitable tool to monitor the vascular growth and remodeling in numerous disorders.
Conclusion
Human anti-CD34 antibody was used to selectively bind to endothelial cells from human cervical biopsies, and MVD was found to increase significantly in CIN 2+ versus normal and CIN 1 ͑P Ͻ 0.007͒, concordant with the increase in ͓total Hb͔ measured via optical spectroscopy. No statistical significant difference in MVD was observed between normal and CIN 1. Neither total vessel density nor large-vessel density was significantly associated with dysplastic grade. With the specific fiber geometry used, optical spectroscopy was designed to extract neovascularization contrast confined in a narrow zone immediately beneath the dysplastic epithelium and along the basement membrane. Hence, total hemoglobin content measured through quantitative optical spectroscopy may be used to monitor neovascularization in vivo. The validated optical contrast has applications in cervical precancer diagnosis, prognosis, and therapy monitoring for antiangiogenesis or antiviral therapies.
